While beta oscillations often occur within the parkinsonian basal ganglia, how these oscillations emerge from a naive state and change with disease severity is not clear. To address this question, a progressive, nonhuman primate model of Parkinson's disease was developed using staged injections of MPTP. Within each parkinsonian state (naive, mild, moderate, and severe), spontaneous local field potentials were recorded throughout the sensorimotor globus pallidus. In the naive state, beta oscillations (11-32 Hz) occurred in half of the recordings, indicating spontaneous beta oscillations in globus pallidus are not pathognomonic. Mild and moderate states were characterized by a narrower distribution of beta frequencies that shifted toward the 8 -15 Hz range. Additionally, coupling between the phase of beta and the amplitude of highfrequency oscillations (256 -362 Hz) emerged in the mild state and increased with severity. These findings provide a novel mechanistic framework to understand how progressive loss of dopamine translates into abnormal information processing in the pallidum through alterations in oscillatory activity. The results suggest that rather than the emergence of oscillatory activity in one frequency spectrum or the other, parkinsonian motor signs may relate more to the development of altered coupling across multiple frequency spectrums.
Introduction
Spontaneous beta oscillations in the basal ganglia have been implicated in the pathophysiology of parkinsonism (Bergman et al., 1994; Wichmann and DeLong, 2003; Brown, 2007; de Solages et al., 2010; Zaidel et al., 2010; Rosa et al., 2011; Shimamoto et al., 2013) , and suppression of these oscillations has been shown to correlate with the therapeutic onset of dopamine replacement (Weinberger et al., 2006; Ray et al., 2008; George et al., 2013) and deep brain stimulation Ray et al., 2008; Whitmer et al., 2012) treatment. However, the extent to which such oscillatory activity emerges and varies across parkinsonian severities and subjects remains unresolved.
The oscillatory theory of parkinsonism suggests that spontaneous beta oscillations in the basal ganglia develop with loss of dopaminergic tone (Doyle et al., 2005; Brown, 2007; Hahn and McIntyre, 2010; Holgado et al., 2010) and that the spectral power of these oscillations correlates with the parkinsonian severity (Leblois et al., 2007; Devergnas et al., 2014) .
However, there are several known issues with this theoretical framework to consider. For one, beta oscillations have been observed in the basal ganglia-thalamo-cortical circuit in naive and awake rats (Berke et al., 2004; Leventhal et al., 2012) , nonhuman primates (NHP; Murthy and Fetz, 1992; Courtemanche et al., 2003) , and humans (Jensen et al., 2005) , and these oscillations were modulated by voluntary movements (Sanes and Donoghue, 1993; Murthy and Fetz, 1996) . Additionally, the presence of spontaneous beta oscillations in the subthalamic nucleus (STN) region (Priori et al., 2002; Brown et al., 2004; Rosa et al., 2011) and globus pallidus (GP; Priori et al., 2002; Silberstein et al., 2003; Brown et al., 2004; is not universal. Similar mixed results have been reported in nonhuman primates rendered parkinsonian with the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Goldberg et al., 2004; Leblois et al., 2007; Devergnas et al., 2014) .
More evidence is needed to understand the role, if any, oscillations play in the development of parkinsonian motor signs, whether they correlate with the severity of parkinsonism, and how other features of oscillatory activity such as cross-frequency coupling (Ö zkurt et al., 2011; de Hemptinne et al., 2013; Shimamoto et al., 2013; Yang et al., 2014) affect information processing through the basal ganglia-thalamo-cortical circuit as parkinsonian motor signs emerge. To address this question, we developed a progressive, nonhuman primate MPTP model of parkinsonism and assessed local field potential (LFP) activity in the sensorimotor GP in each parkinsonian state. We hypothesized that, if beta activity is pathognomonic of parkinsonism, it would emerge in the early stages of MPTP treatment and increase as parkinsonian motor signs became progressively more severe with additional MPTP treatments.
Materials and Methods

Subjects
Three adult rhesus macaque monkeys (Macaca mulatta)-P1 (female, 5.2 kg, 11 years old), P2 (male, 9.4 kg, 12 years old), and P3 (female, 8.4 kg, 23 years old)-were used in this study. All procedures were performed in compliance with the United States Public Health Service policy on the humane care and use of laboratory animals.
Surgical procedures
Imaging. Magnetic resonance imaging (3 T or 7 T) and computed tomography scans of the head were acquired for each animal. Both datasets were incorporated into a neurosurgical navigation program, Monkey Cicerone (Miocinovic et al., 2007) , to aid in the orientation and placement of a cephalic recording chamber (Crist Instrument).
Chamber surgery. Each animal was implanted with a titanium cephalic recording chamber oriented toward the pallidum and a stainless steel head post for head fixation (Elder et al., 2005) . Subject P1 was implanted with a 19 mm chamber in the parasagittal plane (angled posteriorly 42.5 degrees from vertical). Subject P2 was implanted with a 30 mm chamber (angled 29 degrees from vertical in the coronal plane and anteriorly 29.5 degrees from vertical in the sagittal plane). Subject P3 was implanted with a 19 mm chamber (angled 24 degrees off vertical in the coronal plane and anteriorly 24.5 degrees from vertical in the sagittal plane).
MPTP injections. Animals were rendered progressively parkinsonian through intracarotid and intramuscular injections of MPTP (0.2-0.6 mg/kg, 1 mg/ml solution, ϳ15 min infusion for intracarotid). The intracarotid injections were unilateral and given repeatedly until reaching a mild, moderate, and severe parkinsonian state as defined below. For each animal, one or more systemic intramuscular injections were required to achieve moderate and/or severe parkinsonism.
Behavioral assessments
Animals were acclimated to sitting in a primate chair and having their extremities passively manipulated. After a 72 h quarantine period following MPTP injection, motor behavior was indexed using a modified Unified Parkinson's Disease Rating Scale (mUPDRS), which rated limb rigidity, bradykinesia, akinesia, tremor, and other parkinsonian signs on a scale of 0 -3 (Vitek et al., 2012) . mUPDRS scores were then measured periodically throughout the recording period to ensure stability of parkinsonian motor signs (mild: 3-13, moderate: 18 -28, and severe: 32-42) . Subscale scores for cardinal parkinsonian motor signs were averaged across the arm and leg contralateral to MPTP lesion and averaged across measurements within each parkinsonian state.
LFP recordings
A multichannel microdrive system (Alpha EPS; Alpha Omega) was mounted to the recording chamber and two guide tubes were used to puncture the dura mater. Two epoxy-insulated tungsten microelectrodes (impedance 0.8 -1.2 M⍀ measured at 1 kHz; FHC) were introduced through the guide tubes and advanced independently at 10 m increments into and through the globus pallidus. Recording data were bandpass filtered into a spike channel (250 Hz-10 kHz) and LFP channel (0.075-390 Hz), which were sampled at 22.5 kHz and 781.3 Hz, respectively. In all cases, the recording chamber was used as the return electrode. Recordings presented here are LFP recordings from trials of spontaneous, resting-state activity (30 -120 s) with the animal awake and sitting in its primate chair.
Neurons within the GP were identified by their firing rates and patterns (Filion and Tremblay, 1991; Boraud et al., 2002) and by crossreferencing the microelectrode positions with Monkey Cicerone. Recordings of single-unit activity in the GP were analyzed during movement about the wrist, elbow, shoulder, hip, knee, and ankle joints to further define the pallidal somatotopy. LFPs were included in the analysis if at least one of the electrodes recorded action potentials from a single cell whose firing rate and pattern were indicative of GPe or GPi neurons, while the second electrode was in or near the pallidum. A total of 676 paired recordings was made across the three subjects with at least one microelectrode in the sensorimotor GP (Table 1) . For most subjects, the largest number of recordings was collected in the naive state as part of an initial mapping of pallidal boundaries and somatotopy.
Data analysis
Spectral analysis of the LFP recordings was performed off-line in MATLAB (v2012a; The MathWorks) using the Chronux toolbox (Bokil et al., 2010) . All recordings were detrended and passed through a moving window line noise subtraction algorithm to remove drifting baseline and continuous noise artifacts, respectively. Each pair of LFPs was then converted to a bipolar recording by subtracting one from the other to remove common far-field signal that may arise from the chamber return electrode.
Spectrograms were calculated using the multitaper method with a 2 s, 20% overlap moving window, and three tapers, resulting in a 0.5 Hz frequency resolution. Windows containing movement artifacts were visually identified by large fluctuations in the time series and highamplitude broadband activity in the spectrogram and were removed from further analysis. Remaining windows were assumed to be stationary and were averaged together to calculate the power spectral density (PSD). Outlier PSDs were identified as recording with average power over all frequencies outside of the range mean Ϯ 2.7 SDs, corresponding to 99.3% of a Normal distribution.
Each bipolar recording consisted of a unique fall-off that was not necessarily Brownian in nature, as is typical of LFPs (Milstein et al., 2009) . A standard significance detection technique using a threshold based on mean and SD over all frequencies (f ) would lead to false positives in the low-frequency range and false negatives in the high-frequency range. To correct for this fall-off, each bipolar PSD was fit using leastsquares regression to the model equation
where A-D and n are constants. The model was inverted to calculate the flattened PSD by
Within each PSD, beta oscillations were identified as local maxima having amplitude larger than mean Ϯ 3 SDs of the spectral power between 100 and 390 Hz. Each beta oscillation was treated as an independent sample, even where multiple peaks occurred in the same recording, and the oscillations occurring in the beta band were analyzed. Frequencies in the overall beta band were further segregated into a low (11-22 Hz) and high (22-32 Hz) beta band.
Phase-amplitude coupling
Each recording was zero-phase bandpass filtered (fourth-order Butterworth) into base ͱ2 frequency bands from 0.1 to 1.4, 1.4 to 2, 2 to 2.8, 2.8 to 4, …, 181-256, 256 -362, and Ͼ362 Hz. The amplitude A(t) and phase (t) of each frequency band was calculated by taking the magnitude and angle of the Hilbert transform, respectively (Tort et al., 2010) . Previously identified epochs containing movement artifacts were cropped from the phase and amplitude signals. For any given coupling of one band's phase content with another band's amplitude content, the phase signal was discretized into 20 equally spaced bins between 0 and 2, and amplitudes that occurred concurrently with a given phase bin were averaged together For each recording with significant MI (␣ Ͼ 0.05 with Bonferroni correction), the phase at which the distribution p was maximum was recorded and used to create a radial histogram for each subject in each state. The electrode pairs used were randomly oriented with respect to the dipole, thus yielding diametrically bimodal circular distributions for those radial histograms with clear azimuths. Thus, an angle-doubling procedure was performed in which each angle was doubled and if Ͼ360°, the doubled angle was deducted by 360°. The resulting angular data were then analyzed using a mean axial vector with direction () and length (d) defined as follows:
and an angular dispersion measure (r) defined [0,1] according to the following:
where a i were the angles after the doubling procedure and n was the total number of significant angles.
Statistics
Statistical testing was performed using MATLAB and JMP 11 (SAS). Data did not pass the Lilliefors test for Normality or constant variance. Therefore, a nonparametric ANOVA based on ranked data was used to identify significant effects of disease state, subject, and interaction effects. Post hoc comparisons testing for differences in features between disease states were performed using Dunn's all-pairs test for joint ranks with adjusted significance level ␣ ϭ 0.05/n where n is the number of comparisons.
To investigate trends between the occurrence of phase-amplitude coupling (PAC) and disease severity, the MI was calculated for each recording between each of the 18 phase-frequency bands and the amplitudes of bands of higher frequencies. The PAC between phases of higher frequencies with lower amplitudes and with the same frequency of phase and amplitude were excluded from the analysis. The resulting MI was thresholded at a significance level of ␣ ϭ 0.05/n, where n ϭ (18 ‫ء‬ 18 Ϫ 18)/2 comparisons. The Pearson's 2 test was used to test if the proportion of recordings with significantly high MI for each phase-amplitude pair changed with parkinsonian severity. A Bonferroni correction was used to adjust for the number of frequency band pairs n. The radial histogram results were analyzed for uniformity and significance of the radial mean direction using a 2 statistic and an Omnibus test for nonuniformity of circular data, respectively (␣ ϭ 0.05).
To investigate finer trends between motor signs and LFPs, the correlation between mUPDRS (overall and cardinal motor sign subscores) and peak frequency was calculated using Spearman's . To rule out the influence of alternative parameters on frequencies of beta, the effects of AP and ML recording locations were tested using nonparametric linear regression based on ranked data. The correlation between oscillatory frequencies and distance between recording electrodes and between oscillatory frequencies and recording depth were tested using Spearman's .
Results
Progressive model of Parkinson's disease
A total of 676 LFPs was recorded across three subjects under naive, mild, moderate, and severe parkinsonian states (see Table  1 ). Parkinsonian motor signs increased progressively with MPTP treatment, but development of individual motor signs occurred at different rates across subjects (Figure 1 ). In the mild state, subjects P1 and P3 developed greater akinesia and bradykinesia, whereas rigidity was most prominent in subject P2. By the moderate parkinsonian state, subscores were more consistent across the three subjects, indicating a similar phenotypic expression of parkinsonism. Subject P3 was not carried through to the severe state due to confounding medical complications.
Presence of pallidal beta oscillations in the naive state
Before MPTP treatment, resting-state beta oscillations were observed throughout the globus pallidus in all three subjects ( Fig.  2A, B) . Frequencies of this oscillatory activity spanned both low (11-22 Hz) and high (22-32 Hz) beta bands, with median 21.4 Hz in P1, median 18.7 Hz in P2, and median 24.7 Hz in P3. Significant oscillatory activity within the beta band was found to occur in 59% of recordings in P1 (n ϭ 61/103), 54% of recordings in P2 (n ϭ 64/118), and 29% of recordings in P3 (n ϭ 14/48; Fig.  2C ). The distribution of frequencies of these beta oscillations was significantly different across subjects (Kruskal-Wallis, p ϭ 1.45e-8).
Early shift in peak frequency of beta oscillations following MPTP treatment Beta oscillatory activity was also observed in the globus pallidus across all three levels of parkinsonian severity in each subject (Fig.  3A-C) . However, there was not a consistent trend between parkinsonian severity and the number of recordings containing resting-state beta oscillations. The percentages of recordings with beta oscillations across all states differed among the three subjects (Table 2) , with P1 showing a tendency for increasing beta activity Figure 1 . Progression of mUPDRS subscores for the cardinal parkinsonian motor signs in the three subjects (subjects P1, P2, and P3). Each subscore was rated on a scale of 0 -3, averaged over the contralateral arm and leg, and averaged over all days in the severity state (naive, mild, moderate, and severe).
with severity, while P2 exhibited an increase from naive to mild and then a decrease from mild to moderate to severe. P3 also exhibited an increase from naive to mild followed by a large decrease from mild to moderate states. Further analysis using separate low-and high-frequency beta ranges also showed no clear relationship between parkinsonian severity and incidence of significant spectral power in the beta band.
Variability by state within a single subject could be obscured by lumping information into frequency bands instead of investigating the specific frequency at which individual oscillations occur. Therefore, the frequency distribution of significant beta oscillations within the power spectrum was compared across states ( Fig. 3D-F ) . The nonparametric ANOVA revealed significant effects of disease state ( p ϭ 1.31e-21), subject ( p ϭ 6.6e-14), and a significant interaction between state and subject (p ϭ 2.06e-11) on the frequency of oscillatory peaks within the beta band. Statistical differences between individual states were tested using the post hoc Dunn's all-pairs test with an adjusted significance level for multiple comparisons (␣ ϭ 0.5/6 ϭ 8.333e-3). The broadness of the LFP beta oscillation that was seen in the naive state was caused by variability in the frequency at which the significant peaks occurred among the individual recordings. The median frequency of oscillations within the beta band also differed across states within the same subject, and differed between subjects. Oscillations in the naive state (red boxes; P1 interquartile range 17.9 -22.6 Hz, P2 range 16.0 -21.4 Hz) were more broadly distributed compared with those observed in the severely parkinsonian state (black boxes; P1 interquartile range 14.3-17.5 Hz, P2 range 11.9 -14.6 Hz).
In contrast to the lack of a consistent relationship to overall beta-band power, the median frequency of peaks within the beta band was found to shift with parkinsonian severity for all three subjects (Fig. 3D-F ) . In P1, beta oscillations were broadly distributed across the 11-32 Hz range in the naive state, with a median value at 21.4 Hz. After induction of the mild parkinsonian state, the peak frequencies shifted toward the low beta range, centered around 15.6 Hz (Dunn's all-pairs test, p ϭ 6.78e-7). The oscillations persisted in the low beta range following the transition to the moderate (median 15.6 Hz) and severe (median 15.5 Hz) parkinsonian states. For P2, beta oscillations were similarly distributed across a broad range of low and high beta frequencies in the naive state (median 18.7 Hz). Here, however, this distribution persisted into the mild state (median 21.5 Hz), shifting toward the alpha and low beta bands only after transition to the moderate parkinsonian state (median 12.8 Hz, p ϭ 5.90e-15) and continuing into the severe parkinsonian state (median 13.0 Hz). P3 exhibited oscillatory activity in the pallidum that was isolated to the high beta range in the naive (median 24.7 Hz) state. The median frequency of beta oscillations for P3 also decreased after induction of mild parkinsonism (median 21.9 Hz, p ϭ 4.75e-4), and further decreased after transitioning to moderate parkinsonism (median 18.1 Hz), consistent with the findings in P1 and P2.
Effect of recording setup on beta oscillatory content
The method of measuring bipolar LFPs constrained the source(s) of the signal to the region near both recording electrodes with intermicroelectrode distance of 1-5.347 mm for P1, 0.990 -9.872 mm for P2, and 1.419 -16.473 mm for P3. To ensure the change in the center frequency with state was not due to the measurement method, the correlation between frequency and distance was tested using Spearman's . The test revealed no significant effect of 3D interelectrode tip distance on frequency of beta oscillations for P1 ( ϭ 0.094, p ϭ 0.192), P2 ( ϭ Ϫ0.075, p ϭ 0.371), or P3 ( ϭ Ϫ0.188, p ϭ 0.110). To verify that the observed changes in beta oscillatory activity (or lack thereof) were not a result of shorting oscillatory dipoles by the subtraction method, the Kruskal-Wallis nonparametric test and Dunn's all-pairs post hoc test were performed on the unipolar LFPs. As with the bipolar analysis, the unipolar analysis revealed significant effects of disease state (Kruskal-Wallis, p ϭ 1.114e-7) and subject ( p ϭ 3.596e-17). Post hoc unipolar statistics were found to correspond with the results of the bipolar statistics, but bipolar statistics were more conservative. To test for intrinsic patterns in the frequency of beta oscillations with recording location, the discrete variables AP and ML coordinates were tested using Spearman's , and the continuous variable DV coordinate was tested using nonparametric linear regression based on ranks. This analysis was performed on the unipolar data as the exact location of the source of the bipolar signal was not known. For P1 and P2, there was no significant effect of AP, ML, or DV on frequency of beta oscillations. For P3, there was no significant effect of ML or DV, but there was a significant correlation between AP and frequency of oscillation (Spearman's ϭ 0.4699, p ϭ 1.021e-4). It should be noted, however, that only three different AP coordinates (Ϫ1.5 mm, Ϫ0.5 mm, ϩ0.5 mm) were used for naive recordings in P3, whereas 8 -12 coordinates were used for AP and ML in all cases where no significance was found. Beta oscillations in the naive state. A, Example power spectra and time series data from the naive state identified with (solid black) and without (dashed gray) significant beta oscillatory activity. B, Averaged power spectra across all recordings for each subject in the naive state. Bold lines show means and shaded areas show Ϯ 1 SD of flattened power spectra for subjects P1 (blue), P2 (gray), and P3 (red) in the GP in the naive state. Arrows demarcate median frequencies of beta oscillations for each subject. The cyan shaded area corresponds to the beta band. C, Number of recordings with (solid) and without (hashed) detected beta peaks for each subject.
Correlation analysis between LFP features and parkinsonian motor scores
Several features of oscillatory activity were tested for their relationship to each subject's overall parkinsonian motor severity score (mUPDRS). While some LFP features were significantly correlated with total mUPDRS, the trends were inconsistent and sometimes in the opposite direction across subjects (Fig. 4) . For P1 and P2, the mUPDRS was significantly correlated with power in the beta bands, but the relationship was positive for P1 and negative for P2. All three subjects showed a negative correlation between the beta oscillatory frequency and mUPDRS, but this relationship was only significant for P1 and P2. The spectral power in the beta band defined by the mean oscillatory frequency in the moderate (P3) or severe (P1 and P2) state Ϯ 4 Hz positively correlated with the mUPDRS in P1 ( ϭ 0.4925, p ϭ 2.699e-17) and P2 ( ϭ 0.5353, p ϭ 5.206e-20) but negatively correlated with the mUPDRS for P3 ( ϭ Ϫ0.1962, p ϭ 0.0123). Together, traditional spectral analysis did not identify features that could consistently predict the severity of the parkinsonian state in all three subjects.
Coupling of high-frequency oscillation amplitude to the phase of beta oscillations with increasing severity
A modulation index was investigated to measure the degree to which the amplitude of a particular frequency range was coupled to the phase of a lower frequency band, i.e., PAC. In the naive state, the amplitude of high-frequency oscillations (HFOs; 256 - Figure 3 . Evolution of beta oscillatory activity with increasing disease severity. A-C, Flattened PSDs of all recordings for subjects P1, P2, and P3. Bold traces signify means and shaded areas show Ϯ 1 SD. Red is naive, cyan is mild, blue is moderate, and black is severe. D-F, Peak beta frequencies recorded across all parkinsonian states. Dots represent frequencies in the beta range with peaks that exceeded the significance threshold. Dots are randomly distributed horizontally within each severity level for better visualization. Asterisks indicate significant differences, tested with Dunn's post hoc comparisons, and an adjusted significance level of ␣ ϭ 8.333e-3. 362 Hz) were significantly coupled to the phase of the gamma band (45-64 Hz) in ϳ60% of the recordings in P1 (Fig. 5 A, B) .
After the transition to the mild parkinsonian state, the frequency band of the driving phase broadened such that the HFO band became significantly coupled with the phases of both beta and gamma oscillations. With further increases in parkinsonian severity from moderate to severe, the coupling between beta phase and HFO amplitude became more prevalent. Specifically, there was a significant change in coupling between 11-16 Hz phase and the amplitude in the 181-256 Hz band ( 2 (3) ϭ 47.05, p ϭ 3.387e-10) and the 256 -362 Hz band ( 2 (3) ϭ 52.54, p ϭ 2.292e-11) with parkinsonian state, measured by the Pearson's 2 test (Fig. 5C ). There was a significant change in PAC between 11-16 Hz phase and the amplitude in the 181-256 Hz band ( 2 (3) ϭ 24.11, p ϭ 2.369e-5) and the 256 -362 Hz band ( 2 (3) ϭ 31.58, p ϭ 6.412e-7) with parkinsonian severity in P2. There were no phase-amplitude pairs that significantly changed with parkinsonian severity in P3. While the percentage of recordings with HFO amplitude coupled to the phase of beta oscillations increased with parkinsonian severity in two subjects, the overall degree of coupling varied among subjects (Fig. 5C ). In contrast, the gamma (45-64 Hz)-HFO coupling that was present in the naive state in all subjects was unchanged with parkinsonian severity (P1 2 (3) ϭ 1.487, p ϭ 0.6853; P2 2 (3) ϭ 2.133, p 0.5453; P3 2 (3) ϭ 0.488, p ϭ 0.9214). In addition to the extent of phaseamplitude coupling, we also investigated the consistency with which the coupling occurred for a specific phase of both beta and gamma oscillations. For significantly . Correlation between LFP features and total mUPDRS. Bars indicate the magnitude of Spearman's correlation between specific beta features and total mUPDRS scores over all disease states grouped by individual subject (P1, P2, and P3). Features include the power (pwr) in the overall, low, and high beta bands; the frequency of beta oscillations (only for recordings with a significant beta oscillation); the power at the median frequency of beta oscillations over all naive recordings; and the power at the median frequency of beta oscillations over all severe recordings. White bars indicate positive correlations, black bars indicate negative correlations, and asterisks indicate significant correlations (Spearman's , ␣ ϭ 0.05).
coupled beta-HFO and gamma-HFO phase-amplitude pairs, the frequency at which the phase-amplitude distribution was maximal was measured across all recordings with significant Z-scores and plotted as a radial histogram (P1; Fig. 6A-C) . When the beta phase became coupled to the HFO amplitude in the mild state, the phase at which coupling occurred became highly variable across recordings and this persisted through the moderate and severe parkinsonian states (Fig. 6D) . At the same time, while HFOs were significantly locked to the peak and trough of the gamma oscillations (0 and 180 degree phases) in the naive state, there was little change in mean phase direction of their coupling and angular dispersion from naive to the subsequent parkinsonian conditions (Fig. 6D-E) . These data suggest that not only does HFO amplitude couple with a phase of beta oscillations as parkinsonian motor signs increase in severity, but the exact phase of coupling becomes spatially disordered throughout the pallidum.
Discussion
We investigated the evolution of pallidal LFP activity in a progressive NHP model of PD. The major findings include: (1) resting-state beta oscillations were present in the naive pallidum; (2) beta-band power increased, decreased, or did not change with MPTP, depending on the subject; (3) the median frequency of beta oscillations shifted to lower frequencies with increasing severity; (4) HFO amplitude was modulated by gamma-phase in the naive pallidum; and (5) coupling between beta-phase and HFO amplitude strengthened with increasing parkinsonian severity, while the phase at which coupling occurred became increasingly more variable.
Significance of resting-state pallidal beta oscillations in the naive state
The widespread spatial and temporal extent of naive-state beta oscillations in the globus pallidus challenges the basis for several theories and models of PD pathophysiology that assume beta oscillations emerge or are enhanced only following dopamine depletion and are indicative of the parkinsonian state (QuirogaVarela et al., 2013) . While dopamine replacement therapy has been found to reduce beta activity in the STN of some patients , there has been no direct confirmation that the underlying beta activity found in the drug-off state would not be present in a nondiseased human, with one study finding a negative correlation between parkinsonian severity and beta amplitude (Alavi et al., 2013) . Given our observations of significant amounts of beta activity in the normal animal, the utility of beta band oscillations as a biomarker for PD motor signs should be re-examined. Indeed, it has been argued that beta activity is important for both normal motor and cognitive processes by promoting maintenance of the current motor or cognitive state, while its abnormal persistence leads to compromise in the ability to switch states (Engel and Fries, 2010) .
The presence of beta oscillations in the naive-state globus pallidus could stem from multiple sources. In the naive state, beta oscillations exist in other parts of the motor network, including the striatum (Courtemanche et al., 2003; McCarthy et al., 2011; Leventhal et al., 2012) and motor cortex (Murthy and Fetz, 1992; Magill et al., 2004; Sharott et al., 2005; Mallet et al., 2008) of rodents and primates. This suggests that beta oscillatory activity in the globus pallidus could stem from propagation of similar spontaneous activity in the direct/indirect and/or hyperdirect pathways (Mallet et al., 2008; Kravitz et al., 2010) . Afferents to the primate globus pallidus, including inhibitory inputs from the striatum as well as excitatory inputs from the STN, form a laminar structure throughout pallidum (Parent and Hazrati, 1995a, b) , indicating that oscillatory activity within the basal gangliathalamo-cortical pathway could occur as a result of these afferent pathways (Plenz and Kital, 1999; Holgado et al., 2010; Buzsáki et al., 2012) .
Pallidal beta oscillations as a biomarker of parkinsonian severity Contrary to a previous MPTP NHP study investigating singleunit activity in globus pallidus (Leblois et al., 2007) , we found no clear trend between the severity of parkinsonian motor signs and the proportion of LFP recordings with significant overall beta band activity. This discrepancy may be due to differences in the time over which the parkinsonian state developed, 30 d in Leblois et al. (2007) , compared with months in ours, as well as mechanistic differences between oscillatory activity in spike and LFP data. Another study using serial injections of MPTP in NHPs found weak and inconsistent changes in spectral power in the cortex, STN, and GPi (Devergnas et al., 2014) . In our study, a trend did emerge when examining the frequency (not amplitude) at which an oscillatory peak occurred within the beta band, instead of defining an arbitrary range over which activity was assumed to be homogenous. In the limited number of studies investigating pallidal LFPs in humans, GPi LFPs from PD patients showed beta activity that was centered between 18 and 26 (Priori et al., 2002 ), 11 and 30 (Brown et al., 2004 ), 13 and 30 (Kühn et al., 2008 ), and 11 and 30 Hz (Silberstein et al., 2003 . Thus, the variability in clinical studies could stem, in part, from differences in defining the precise bounds of the spectral bands being assessed and from intersubject variation in peak oscillatory frequency.
The downward shift in peak frequency of beta oscillations was observed following MPTP treatment, and aligns with a model by Holgado et al., (2010) in which dopamine depletion reduced the effect of D2 receptors, causing the frequency of beta oscillations to decrease. Other factors may also be involved as oscillatory spiking in a mathematical model of striatum was found to shift after dopamine depletion (McCarthy et al., 2011) . While the model prediction showed an increase (from 12 to 17 Hz), which is inconsistent with the observed decrease in frequency in our study, the concept that resonant oscillatory frequencies in the basal ganglia change with dopamine depletion is consistent.
Pallidal phase-amplitude coupling as a biomarker for parkinsonian severity Phase-amplitude coupling is an analytical technique that captures the extent to which oscillatory activity in one band becomes phase locked to oscillatory activity in another (Tort et al., 2008) . Previous studies in PD patients have found significant relationships between beta band phase and gamma/HFO amplitude within the STN (Ö zkurt et al., 2011; Yang et al., 2014) , within the motor cortex (de Hemptinne et al., 2013) , and between the STN and motor cortex (Shimamoto et al., 2013) . Our data show that this coupling is also present within the globus pallidus and that the driving frequency of the phase component of coupling changes with induction of a parkinsonian state. Ló pez-Ascarate et al. (2010) showed that the center frequencies of the beta and HFO bands in the STN were decreased in the off-dopaminergic medication state compared with the on-drug state. These results agree with our finding that the frequency of the driving phase broadened to include beta when transitioning from the naive to the parkinsonian condition. Figure 6 . Differences in the locking of HFO amplitude to phases of beta and gamma oscillations for subject P1. A, Examples of beta (11-16 Hz, blue) and gamma (45-64 Hz, magenta) phase signals with simultaneousHFO(256 -362Hz,red)amplitudesignalfromanLFPintheseverestate.Bandpassfiltereddataareshowningray.B,Couplingwasmeasuredbycomparingthephase-amplitudedistribution(bold line) with a distribution of time-shuffled surrogates (mean Ϯ 2 SD, shown with thin lines) for beta-HFO (top, blue) and gamma-HFO (magenta, bottom) pairs. C, In subject P1, radial histograms of the phase at whichthephase-amplitudedistributioninBwaspeakedforrecordingswithsignificantPAC z-scores(yellow). .The bold colored line shows the mean axial direction with the shaded area representing the 95% confidence interval. For beta-HFO mild and moderate states, there was no significant axial direction as tested by the Omnibus test, so the 95% confidence interval encompasses the entire circle. D, Angular dispersion (0 represents dispersed angles, 1 represents aligned angles) and jackknife error bars of the radial distributions showninCforallsubjectsandallparkinsonianstates(P1,blue;P2,gray;P3,red).Forallsubjects,therewerenotenoughrecordings(NϽ6,insufficientdata,markedID)withasignificantbeta-HFOmodulation indextoperformthedispersionanalysisinthenaivestate(andinthemildandmoderatestatesinP3;fadedbars).E,Meanaxialdirectionwith95%confidenceintervalforallsubjectsandparkinsonianstatesfor gamma-HFO coupling. Beta-HFO coupling is not shown because the distributions were not different from uniform, as tested by the Omnibus test.
The consistency of the phase with respect to the PAC has been suggested to impact information transfer (Sauseng and Klimesch, 2008; Siegel et al., 2009) . When the beta-HFO coupling became prevalent, the HFO was not coupled to a particular beta phase, suggesting that not only does coupling occur, but that the coupling is disordered. In contrast, the gamma-HFO coupling was present in the naive state and the amplitude of HFO was consistently high around the 0 and 180 degree phases of gamma even as parkinsonian severity progressed. This consistent phase locking could reflect a neural process necessary for proper coding of information that is disrupted when combined with aberrant coupling with beta oscillations. Consistent with our observations, Yang et al. (2014) also did not find a significant phase of locking between HFOs and beta phase across all LFP recordings, but did find significant locking between neuronal spiking and beta phase. Further investigation is necessary to determine how phase impacts the development and increasing severity in the cardinal motor signs of PD.
Consistency of oscillatory biomarkers among subjects
Of the three subjects, P1 most clearly supported the hypothesis that the spectral power of beta oscillations within the basal ganglia correlates with parkinsonian severity. To a degree, P2 also supported this hypothesis when the beta band was shifted to lower frequencies, but P3 contradicted it. In P3, there were very few LFPs containing significant beta oscillations in the moderate state. Such variability is also seen in the literature, with several reports showing elevated pathological beta activity in as few as 54% (Rosa et al., 2011) and 77% of patients (Ö zkurt et al., 2011) . Inconsistency in neurophysiological signals between subjects is to be expected with the marked variability of motor signs that occur across individual PD patients, but a thorough understanding of the origin of these differences is necessary to identify a biomarker that could be used to diagnose and treat the disease as proposed in development of closed-loop deep brain stimulation systems. While all subjects developed a small amplitude postural tremor, the parkinsonian syndrome with rhesus macaques most resembled the akinetic-rigid subtype seen in human PD patients. Alternative animal models, such as the African green monkey, are known to develop prominent tremor and more resemble the tremor subtype of PD patients (Bergman et al., 1998) . Therefore, the results of this study cannot directly inform the physiological differences underlying the tremor-dominant parkinsonian subtype.
The results of this study provide evidence that changing neural oscillations are a key factor in the progression of parkinsonism, but a pathological elevation of power in a predefined beta band in the globus pallidus does not serve as a biomarker of parkinsonism and dopamine depletion, as is believed to exist in the STN and motor cortex. Instead, decrease in the peak beta frequency occurred early in the transition from naive to mild and moderate parkinsonian states, while the degree to which the pallidal high-frequency oscillation amplitudes coupled to the phase of concurrent beta oscillations increased and was predictive of severity in the mild to moderate range in two of the three subjects. Neither of these biomarkers by themselves, however, were able to predict the transition from naive state to all three degrees of parkinsonian severity, generally failing to predict the transition from moderate to severe as defined in this study. Ultimately, there was variability in oscillatory changes across subjects, so a biomarker of parkinsonian condition will likely need to be tuned on a subject-specific basis and would need to incorporate multiple features of neuronal activity changes known to occur in the parkinsonian state. Alternatively, it is more likely that PD motor signs reflect a combination of changes across power spectrums, increases in some, decreases in others, with alterations in crossfrequency coupling that include amplitude and phase. Which changes are most important to the pathophysiology of PD and how they relate to the development of individual PD motor signs remains to be determined.
